Abstract: This study evaluated the predictive and prognostic value of expression of mismatch repair (MMR) protein, including MLH1, MSH2, and MSH6 in rectal cancer patients with preoperative chemoradiotherapy.
INTRODUCTION

P
athologic variables related to tumor response to preoperative chemoradiotherapy remain the most important prognostic indicators for oncologic outcomes in patients with locally advanced rectal cancer. [1] [2] [3] Identification of additional prognostic factors continues to be an essential aim because patients at the same pathologic stage may reveal a different clinical course. Novel tissue-based prognostic indicators in radiated rectal cancer specimens are currently necessary for developing new molecular-level therapeutic approaches for rectal cancer. [4] [5] [6] It is well known that DNA mismatch repair (MMR) gene abnormalities are associated with approximately 15% of all colorectal cancers. 7 About one-third or fewer of colorectal cancers with altered MMR gene function arise in patients with hereditary nonpolyposis colorectal cancer (HNPCC) syndrome, while the rest occur sporadically. 7 Several studies have recently investigated the predictive and prognostic roles of MMR genes in colorectal cancer; however the results are still unclear. 5, [8] [9] [10] To our knowledge, this is the first study on the possible predictive and prognostic roles of MMR genes in radiated rectal cancer. This study examined the expression of MLH1, MSH2, and MSH6 in radiated rectal cancer using immunohistochemistry in both pretreatment biopsies and pathologic specimens. The potential predictive and prognostic roles of MMR protein expression were also assessed.
METHODS
A total of 209 consecutive patients who underwent potentially curative resection after preoperative chemoradiation for locally advanced (radiological T3/T4 or Nþ) rectal cancer located within 10 cm of the anal verge were prospectively enrolled in this study. Patients were excluded if they had metastatic disease, recurrent disease, previous chemotherapy or pelvic radiotherapy, familial adenomatous polyposis, HNPCC, abnormal liver, kidney or bone marrow function. The protocol was approved by the scientific review and ethics committee at our institution and written informed consent was obtained from all the patients before the study.
All patients received preoperative chemoradiotherapy, which included pelvic radiotherapy of the whole pelvis at a dose of 40.4 to 50.4 Gy and concomitant chemotherapy based on a 5-fluorouracil or capecitabine regimen. 11, 12 All patients underwent potentially curative radical surgery 6 to 8 weeks after preoperative chemoradiotherapy. Of 209 patients, 195 (92.9%) received postoperative adjuvant chemotherapy. The regimens were as follows: a 5-fluorouracil-based regimen (n ¼ 160, 82.1%), a capecitabine (n ¼ 12, 6.1%), an oxaliplatin-based regimen (n ¼ 13, 6.7%), and other regimens (n ¼ 10, 5.1%).
Immunohistochemistry
Tumor specimens from all 209 patients were obtained during the first biopsy procedure before the initiation of therapy (pre-). In pathologic specimens (post-), a total of 179 patients' specimens were prepared because 30 patients with pathological complete response after chemoradiotherapy were excluded. Immunohistochemical staining methods for DNA MMR genes (hMLH1, hMSH2, and hMSH6) were previously described. 13 Briefly, formalin-fixed, paraffinembedded tissue block was used for tissue microarrays. Multiple sections (4-mm-thick) were cut from the tissue microarrays and prepared for subsequent immunostaining. Slides were deparaffinized and rehydrated using xylene and ethanol. The activation of endogenous peroxidase was blocked by 3% hydrogene peroxide for 30 minutes. The slides were stained with mouse monoclonal antibodies specific for each MMR protein: hMLH1 (clone G168-15, 1:200; BD Pharmingen, San Diego, CA), hMSH2 (clone FE11, 1:400; Calbiochem, La Jolla, CA), and hMSH6 (clone 44, 1:400; BD Transduction Laboratories, San Diego, CA). Negative controls using normal colonic epithelium adjacent to the tumor and lymphocytes were performed simultaneously. All the slides were evaluated in a blinded manner by 2 experienced gastrointestinal pathologists who had no clinicopathological information.
Statistical Analysis
Statistical evaluation was carried out using the statistical package SPSS for Windows (Version 14.0; SPSS Inc, Chicago, IL). MMR protein expression levels were classified as negative for <10 % nuclear staining, and positive for !10% nuclear staining. 9 For positive expression, MMR proteins were divided into low for <90% (median value of MMR expression) nuclear staining, and high for !90% nuclear staining (Figure 1) . Analysis of clinicopathologic features among the groups was performed using the Student t test and the x 2 test as appropriate. Survival was assessed by the Kaplan-Meier method and differences between curves were evaluated using the log-rank test. The variables with statistically significant P values on univariate analysis were entered into a multivariate analysis using the Cox model. A value of P <0.05 was considered statistically significant.
RESULTS
The subjects consisted of 136 men (65.0%), with a median age of 56 years (range, 27-81). Of the 209 patients, 181 (86.6%) underwent sphincter-saving operations. The median number of retrieved lymph nodes from each patient was 10 (range, 1-44). Table 1 ; however, there was no statistical difference between the 2 groups including in expression of MMR proteins. During the study follow-up (median of 44 months, range of 2-87 months), the factors associated with shorter overall survival in univariate analysis were differentiation, circumferential resection margin, ypT category, ypN category, number of lymph nodes retrieved, lymphovascular invasion, perineural invasion, postoperative chemotherapy, and prechemoradiotherapy MSH6 expression ( Table 2 ). The factors associated with lower disease-free survival in univariate analysis were ypT category, ypN category, tumor regression grade, lymphovascular invasion, perineural invasion, tumor budding, and prechemoradiotherapy MSH2 expression (Table 2) . No significant association was observed between overall survival and disease-free survival and postchemoradiotherapy MMR protein expression (Table 2) . A multivariate analysis revealed that tumor differentiation (P < 0.001), postoperative chemotherapy (P < 0.001), and pre-MSH6 expression (P ¼ 0.020) were independent predictors 
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of overall survival; ypN category (P < 0.001) and perineural invasion (P ¼ 0.035) were independent predictors of disease-free survival in patients with rectal cancer after preoperative chemoradiotherapy (Table 3) . The correlations between tumor prechemoradiotherapy-MSH6 expression and the clinicopathological features of rectal cancer are summarized in Table 4 . The pre-MSH6 expression was significantly associated with tumor budding (P < 0.001) and expression of all MMR proteins (all P < 0.05). A multivariate analysis revealed that ypN category (P ¼ 0.005) and postchemoradiotherapy MSH6 expression (P ¼ 0.035) were independent predictors of local recurrence-free survival (Table 5 ). When the low and high pre-MSH6 expression groups were subdivided according to the pathological TNM stage, the 5-year overall survival rate differed between the 2 groups only for the patients with stage III cancer (Figure 2 ). For stage I, II, and IV cancers, the 5-year overall survival rate did not differ between the 2 groups.
DISCUSSION
We evaluated the possible predictive and prognostic roles of MMR genes before and after preoperative therapy in patients who received preoperative chemoradiation and curative surgery for locally advanced rectal cancer. In this study, the independent prognostic value of MSH6 expression in pretreatment tissue on overall survival and MSH6 expression after chemoradiation on local recurrence were observed. Our study is the first to explore that MMR protein expression could be an independent prognostic factor for long-term oncologic outcomes in radiated rectal cancer patients, although it did not have a predictive effect for radiation response.
Evaluation of the MMR protein expression in colorectal cancer is useful for the identification of patients at risk for Lynch syndrome; it may provide prognostic information as MSI has been shown to be correlated with better prognosis in patients with colorectal cancer.
14 Immunohistochemistry has been found to have a sensitivity of 83% and specificity of 89% for patients with mutations in MLH1, MSH2, or MSH6, so it offers the advantage of directly assessing the MMR gene that is likely to be mutated. 15 MSH6-defective tumors are characterized by rectal location and less typical MMR-defective histology, including poor differentiation, mucinous component, peritumoral lymphocytes, and Crohn-like lymphocytic reactions. [16] [17] [18] In discordance with previous reports, [16] [17] [18] MSH6 expression was not correlated with poorly differentiated and mucinous carcinoma in our study; interestingly, it was significantly correlated with tumor budding. The present study is interesting because it highlights the prognostic role of MMR protein expression in patients with preoperative chemoradiation therapy for rectal cancer. MSH6 protein expression in pretreatment biopsy tissue is an independent predictor for overall survival and MSH6 expression in resection specimens is an independent predictor for local recurrence in our analysis. Moreover, a trend for a better disease-free survival rate was observed in tumors with high expression of MSH2 (P ¼ 0.014 in univariate analysis and P ¼ 0.066 in multivariate analysis). Our data are in line with the observation that high activity of the DNA-mismatch repair system is associated with sensitivity of cancer cells to DNA-damaging therapies. 19, 20 In the present study with a median follow-up period of 44 months, we observed that patients receiving postoperative chemotherapy showed better overall survival rates than those who did not. In colon cancer, fluorouracil-based adjuvant chemotherapy has been shown to significantly improve overall and disease-free survivals in stage III and high-risk stage II patients. 21 Although all patients who underwent preoperative chemoradiation were recommended for postoperative adjuvant chemotherapy irrespective of their pathologic stage, the prognostic role of postoperative chemotherapy in this cohort remains unclear. [22] [23] [24] In our study, patients who did not receive postoperative therapy were older or had poorer performance status than those who received it. Because no difference in diseasefree survival between the 2 groups was found, the improved overall survival of patients receiving therapy may reflect an age-related sample selection bias rather than the effects of chemotherapeutic agents.
The present study had some limitations. The lack of standardization of immunohistochemical procedures, the limited numbers of patients, and the retrospective nature of this study represent major limitations for the clinical applicability of this information. Moreover, the dynamics of protein expression before and after treatment should be interpreted with caution with regard to the potential association with outcome. We believe that further investigations with larger sample sizes are necessary to assess the prognostic role of MMR gene expression in patients with rectal cancer after preoperative chemoradiation, and to validate their possible value as novel therapeutic targets. In conclusion, the immunohistochemical detection of expression of MMR proteins in both pretreatment biopsy tissue and resected specimens has a significant prognostic impact on survival and recurrence in patients with rectal cancer after preoperative chemoradiation. We believe that baseline and posttreatment expression of MMR proteins, especially MSH6, may enhance the prognostic stratification in rectal cancer patients with preoperative chemoradiotherapy.
